ABSTRACT. In this study, we tested the hypothesis that human immunodeficiency virus (H1V)-1-derived peptides augment the neurotoxicity of excitatory amino acid agonists in vivo in postnatal day (PND) 7 rats. Stereotaxic intracerebral injections of the excitatory amino acid agonist N-methyl-maspartate (NMDA), alone or coinjected with an HIV-derived recombinant fusion peptide envelope gag (env-gag) were performed in PND-7 rats [group I: 5 nmol NMDA, n = 20; group 11: 5 nmol NMDA + low-dose (1 or 50 ng) env-gag, n = 27; group 111: 5 nmol NMDA + high-dose (100 ng) env-gag, n = 201, and brain injury was evaluated on PND 12. Based on histopathology scoring and measurements of hippocampal cross-sectional areas in the injected and contralateral hemispheres, coinjection of 100 ng of env-gag with 5 nmol of NMDA markedly increased the severity of resulting injury (p < 0.002, comparing histopathology scores; p c 0.003, comparing interhemispheric differences in hippocampal areas). These data suggest that in the developing nervous system HIV neurotoxicity may result, at least in part, from overactivation of excitatory amino acid receptors, and that perinatal rodent models may provide clinically relevant insights about the pathophysiology of HIV-mediated brain injury. (Pediatr Res 34: 192-198, 1993) Abbreviations EAA, excitatory amino acid HIV, human immunodeficiency virus NMDA, N-methyl-maspartate env-gag, envelope-gag PND, postnatal day Current estimates suggest that 25 to 40% of infants born to HIV-infected women develop clinical and/or serologic evidence of HIV infection in the first year of life (l), and progressive encephalopathy is a prominent and devastating complication of congenital HIV infection (2). Relatively little is known about the cellular and molecular mechanisms that cause neuronal injury
in HIV-infected patients, or about factors that accelerate neurodegeneration.
Several recent studies, based on in vitro analysis of the neurotoxicity of HIV and its constituent envelope protein gp120, suggested a novel mechanism of HIV-induced neuronal injury, caused by increased activation of NMDA-type EAA receptors (3) (4) (5) . In vitro HIV-infected macrophages secrete factors that cause histologic and neurochemical damage to cultured rodent and human neurons (5). Giulian et al. (4) found that the in vitro neurotoxicity of HIV-infected macrophages, mediated by secreted, heat-stable, toxic factor(s), could be blocked by the competitive NMDA antagonist amino-phosphonovaleric acid and the noncompetitive NMDA antagonist MK-80 1. Gp 120 itself is also toxic to retinal ganglion cells and hippocampal neurons in vitro (4) . Lipton et al. found that the neurotoxic properties of the HIV envelope protein gp120 could be blocked by depleting rat retinal cell cultures of glutamate (the endogenous agonist for NMDA receptors); of note, they also found that gp120 exerted no obvious direct effects on NMDA-activated membrane currents, thus suggesting that gp120 neurotoxicity was mediated by synergism with endogenous glutamate (6) . Together, these observations provide support for the hypothesis that HIV-derived peptides may cause neuronal injury by an indirect mechanism related to EAA receptor activation (7) .
Considerable data indicate that developmental stage is a critical determinant of susceptibility to EAA-mediated neurotoxicity, and the immature brain is more susceptible to the neurotoxic properties of NMDA than is the adult brain (8) . This heightened susceptibility may be related to a higher NMDA receptor density, to immaturity of adaptive mechanisms for buffering rises in intracellular calcium, to altered sensitivity of NMDA receptors to regulation by magnesium and glycine, or to expression of unique NMDA receptor subtypes at this developmental stage.
Because susceptibility to NMDA-induced neuronal injury peaks in the developing brain, we selected a well-characterized animal model of perinatal excitotoxic brain injury to examine the impact of HIV-derived factors on EAA-mediated neurotoxicity in vivo. Although the underlying molecular mechanisms are uncertain, the defined range of bioactivity of synthetic HIVderived peptide fragments continues to expand. We selected envgag, a bioactive, recombinant fusion HIV-derived peptide, for testing (9) . [Env-gag was provided (to M.P.N.) by HoffmannLaRoche, Nutley, NJ.] Env-gag, which incorporates epitopes from both envelope and core HIV proteins, was initially developed as a diagnostic reagent. It is expressed in Escherichia coli and consists of an 80-amino acid sequence from gp 4 1 (env 560-639), a 190-amino acid sequence from p24 (gag 87-276), and a 21-amino acid vector peptide sequence. It has been used successfully as a screening peptide to evaluate potential mechanisms of HIV-induced immunodeficiency. Env-gag possesses potent immunoregulatory activity in a variety of in vitro assays (9) [as do several other synthetic and recombinant HIV-derived peptides (10) (11) (12) ]. We found that coinjection of env-gag with NMDA markedly increased the severity of resulting brain injury, in comparison with littermates that received the same dose of NMDA alone.
MATERIALS AND METHODS
Animal le~ioning. Direct intracerebral injection provided the optimal method of drug delivery because much smaller doses could be administered than would be used systemically, the issue of blood-brain barrier permeability was obviated, and side-toside comparisons of tissue integrity could be done. All injections were done [by a single individual (J.D.B.)] in ether-anesthetized PND-7 rats, using coordinates relative to bregma: anterior-postenor -2.0 mm, lateral 2.5 mm, depth 4 mm. One gL of the test compound(s), dissolved in 0. I M Tris-HCI or PBS, pH 7.4, was injected over 5 min with a 26-gauge Hamilton syringe (13) . These stereotaxic coordinates target dorsal hippocampus: the needle-tip placement often extends to posterior striatum, or thalamus, as a result of slight variations in animal size or injection angle. Animals were killed by decapitation on PND 12. and brains were removed quickly and frozen in dry ice. The animal use protocol was approved by the University of Michigan Committee on Animal Usage.
Histopathologic assessment. Twenty-gm coronal frozen brain sections, postfixed over paraformaldehyde vapors. were stained with cresyl violet. After injections of saline, the needle track is sometimes identifiable, but there is no adjacent cell loss or distortion of regional anatomy. Injections of NMDA (5-25 nmol) elicit dose-dependent, reproducible. ipsilateral lesions in striatum, hippocampus, and cortex. At lower doses, selective neuronal necrosis is evident: at higher doses, marked substance loss is apparent 5 d after lesioning ( 13) . Damage to overlying cortex likely results from leakage of NMDA along the needle track, rather than remote effects of NMDA. By PND 12. the extent of injury corresponds well with the severity of tissue damage detected at later time intervals. Subtle differences in the extent of injury resulting from injection of a specific NMDA dose in immature rodent brain may be related to slight differences in injection methods. animal age determination or usage. or ambient temperature.
Histopathology scores. based on light microscopy evaluation of 230 Nissl-stained coronal sections through caudate and hippocampus/brain by an observer unaware of animal identity (F.S.S.), were defined as follows: 0. no discernible lesion: I . lesion confined to cell loss in hippocampal pyramidal cell layer adjacent . from two animals that received a right intracerebral injection of 5 nmol of NMDA on PND 7 and were killed on PND 12. In paned :l. the left hippocampus is normal: the cornu ammon ((:.I) represents the cell bodies of the hippocampal pyramidal cell layer. and the CA3 subfield is identified. IIG' identifies the dentate gyrus. Two subtle abnormalities are evident in the right hippocampus: the h1uc.k arro\t,hcwd identifies a defect in the pyramidal cell layer produced by the needle. with minimal adjacent cell loss. and the white urrobt, identifies a region of thinning of the pyramidal cell layer in CA3. along the path of the injection track (scored as I). In pand B. the left hippocampus is normal: in the right CA3 subfield. there are two focal defects of the pyramidal layer (arro\t,hi~ad,s), associated with the needle path (scored as I ) (.rcu/i~ hur = I mm).
to needle track: 2. more extensive hippocampal lesion with atrophy, and/or widespread pyramidal cell loss (most commonly in CA3): and 3, hippocampal lesion as in 2. together with evidence of injury extending to thalamus and/or caudate and/or septum.
Hippocampal cross-sectional areas were measured using a video camera-based computerized image analysis system (MCID, Imaging Research Inc., St. Catherines. Ontario, Canada). Measurements were obtained bilaterally from five or more serial sections per brain, at the level of the habenula, where hippocampal lesions were most often detected. by an individual unaware of animal identity. Although the sections measured did not always include the site of maximal injury (because of slight variations in needle placement), use of a standardized anatomic landmark minimized subjectivity in selection of areas to be compared. Because injury is incurred in a phase of rapid brain growth, interhemispheric discrepancies in brain mass reflecting both substance loss and impaired subsequent growth are quickly apparent, and comparison of bilateral regional cross-sectional areas provides a reliable measure of injury ( 13) . Measures based on comparisons of interhemispheric differences take into account slight variations in animal size, sites of injection, and differences selected initially, I and 100 ng, and the 50-ng env-gag dose was in tissue fixation.
included in later experiments, after a high mortality rate was Experimental protocols. Table 1 summarizes the treatment encountered in animals that had been given coinjections of 5 groups included in this study.
nmol of NMDA and 100 ng of env-gag. In preliminary experiments, env-gag, 1 to 100 ng (0.02-2. 4 The 67 animals used to assess histopathology were derived pmol), dissolved in 1 pL 0.1 M Tris-HCI or PBS, pH 7.4, were from 10 experiments. Each experiment included "NMDA alone" injected intracerebrally into PND-7 rats, and animals were killed and "NMDA+env-gagw-injected animals; however, it was not on PND 12. No behavioral changes were noted acutely. and feasible to use a paired design because of factors such as periopthere was no postoperative mortality. In animals that received I erative mortality, injection inaccuracies, and artifactual tissue or 50 ng, no neuropathologic lesions were observed ( 1 ng, n = 3; distortion. Of 8 1 animals, eight died postoperatively ( 1 h to 5 d 50 ng, n = 3). In animals that received 100 ng (n = 7). focal later: NMDA alone, n = I; NMDA + I ng env-gag, n = 2; 5 pyramidal cell loss was detected in the hippocampus adjacent to nmol NMDA + 100 ng env-gag, n = 5), and six brains were the injection track. Body temperature was monitored intermit-excluded from analysis, based on injection inaccuracy or histotently (with an electronic thermometer) for 2 h after intracerebral pathologic artifact. injection of 100 ng of env-gag in four of these animals and in
The neurotoxicity of the 2 1-amino acid E. coli plasmid-derived four animals that received an equal volume of saline; mean vector peptide, used for expression of env-gag, was also tested as temperatures were the same in both groups.
a control for potential vector-derived effects, alone (I0 ng, n = Next, PND-7 rats received intrastriatal injections of 2.5 nmol 3; 100 ng, n = 3) and coinjected with 5 nmol of NMDA (n = 4).
of NMDA [a dose that typically elicits no histopathologic lesions The vector peptide did not cause injury or influence NMDA-(13)] alone or coinjected with env-gag (100 ng) (n = 5); all mediated injury. animals survived. No lesions were detected in animals that Data anal.vsis. Brains were excluded from analysis if freezing received NMDA alone (n = 3); subtle hippocampal lesions (e.g. artifact caused asymmetric tissue distortion or mechanical disdisruption of the pyramidal cell layer adjacent to the needle ruption of tissue or if the needle track was clearly misplaced. track) were detected in two of four animals given coinjections of A microcomputer-based software program (Statview 11, Abaenv-gag. In a group of animals that received 10 nmol of NMDA cus, Berkeley, CA) was used for statistical analysis. Animals that alone or in coinjections with env-gag (100 ng), there was exten-died postoperatively, before PND 12, were excluded from analysive tissue injury ipsilaterally in all animals (which precluded sis. Preliminary descriptive statistics indicated that histopatholanalysis of potentiation of toxicity). Thus, an intermediate ogy scores for NMDA + 1 ng env-gag and NMDA + 50 ng env-NMDA dose, 5 nmol, was selected for subsequent experiments. gag groups did not differ, and animals that received these two
The maximal dose of env-gag selected for testing was based on treatments were subsequently grouped for further analysis. Histhe concentration of the available preparation; two doses were topathology scores in animals that received 5 nmol NMDA alone. 5 nmol NMDA + 1 or 50 ng env-gag. and 5 nmol NMDA + 100 ng env-gag were compared with a nonparametric ranking test (Kruskal-Wallis test). Left and right hippocampal areas. as well as interhemispheric differences, in these three groups were compared by one-way analysis of variance.
RESULTS
To assess the influence of coinjection of env-gag on NMDA neurotoxicity, histopathology was assessed in sections prepared from 67 animals (5 nmol NMDA, alone, n = 20: with 1 or 50 ng env-gag. n = 27; or with 100 ng env-gag. n = 20). There were no consistent behavioral differences among groups. There was a substantial rise in acute mortality in animals that received the highest dose of the peptide (I00 ng) (five of 13 died within 1 h postinjection in the first two experiments). Later deaths occurred in one of eight animals that received NMDA alone and in two of eight that were given coinjections of 1 ng of env-gag.
his to pa tho log?^. Pathologic lesions were recognized in 56 of 67 survivors examined on PND 12. The most subtle lesion, discrete neuronal cell loss adjacent to the needle track, was most commonly detected in the pyramidal cell layer near the junction of CAI and CA3, and in the overlying cortex (Fig. 1) . Typically, in lesions related to the needle track, at least two anatomic defects, with the same perpendicular alignment to the cortical surface. were apparent on three or more adjacent sections. Features of more severe hippocampal lesions included relative preservation of CA 1 and dentate gyrus neurons, together with prominent cell loss in CA3 (remote from the injection track): the same pattern of selective vulnerability is evident after injections of higher doses of NMDA alone (Barks and Silverstein. unpublished observation).
In addition, in the more severely lesioned brains. hippocampal atrophy, reflecting injury to the dendritic arbor, was often much more prominent than pyramidal cell loss (Fig. 2-4) . Figure 2 presents sequential sections from a single brain demonstrating the features of a moderate severity lesion (scored 2): major features of the lesion, which is limited to the hippocampus, include subtle ipsilateral atrophy (panels B-D), focal cell loss adjacent to the track (panels C and D). and subtle CA3 cell loss.
extending from the injection track. Figures 3 and 4 present sequential sections from two brains that demonstrated more extensive lesions (scored 3). In Figure 3 , pand C demonstrates the major features of the lesion: in addition to hippocampal cell loss and atrophy, there is injury to the adjacent underlying thalamus. In Figure 4 , the major features of the lesion, reflecting a somewhat more anterior injection, include prominent striatal atrophy and corresponding ventricular dilatation (panel A). together with hippocampal atrophy (pane1.s Band C): in this brain. hippocampal cell loss (e.g. in panel D ) is again less prominent than is atrophy. In Figure 5 , higher power views of the lesioned hippocampus, from the same brains as presented in Figures 2  and 3 , provide more detailed features of hippocampal histopathology. Cortical lesions were not used for scoring: in those brains with extensive cortical lesions, there were also lesions in caudate and/or thalamus.
Comparison of the distributions of histopathology scores in the three groups revealed significant treatment effects, consistent with the hypothesis that env-gag potentiates the neurotoxic properties of NMDA in vivo: the most severe lesions were detected most frequently in the animals that received 5 nmol NMDA + 100 ng env-gag ( p < 0.002, Kruskal-Wallis test, corrected for ties, Fig. 6 ). Although the most severe lesions evolved in animals given coinjections of the highest env-gag dose, there were no differences in the severity of injury between animals given coinjections of I or 50 ng of env-gag. Hippocampal cross-sectional urea measurements. In the three groups, the mean left hippocampal areas did not differ, whereas there was a progressive reduction in right hippocampal area ( Table 2 . This pattern of progressive hippocampal atrophy is also elicited by increasing doses of NMDA; substance loss reflects injury to the pyramidal cell dendritic arbor (which has a high density of NMDA receptors). Comparison of interhemispheric differences in hippocampal areas in animals from the three groups indicated that ipsilateral hippocampal atrophy was greatest in animals that received NMDA + 100 ng env-gag (NMDA alone: -10.2 + 2.7%; mean + SEM: NMDA + 1/50 ng env-gag: -13.1 k 2.7%; NMDA + 100 ng env-gag: -24.9 f 3.4%; p < 0.003, analysis of variance).
DISCUSSION
A large body of experimental evidence indicates that overactivation of the NMDA-type EAA receptor contributes to irreversible neuronal injury in a variety of neurologic disorders (14) . Possible molecular mechanisms underlying HIV peptide-mediated potentiation of EAA agonist-mediated neurotoxicity include direct agonist effects at EAA recognition sites or at one of the allosteric regulatory sites of the NMDA receptor (15) , or suppression of presynaptic EAA reuptake activity. Alternatively. because NMDA-mediated neuronal damage results, in large part, from overwhelming rises in intracellular calcium, env-gag's potentiation of NMDA toxicity could be mediated by increased intracellular calcium accumulation (r.g. because of increased permeability of cation channels. increased release from intracellular stores, or reduced capacity of mitochondria to buffer intracellular calcium). as may be relevant for gp120. The only other identified experimental interventions that augment NMDA-mediated injury in perinatal rodents are hyperthermia, presumably as a result of energy failure in neurons with increased metabolic demands, and hyperbilirubinemia, which may result from mitochondrial injury ( 16, 17) .
Two recent studies suggest that other HIV proteins may be neurotoxic in vivo. Intracerebroventricular injection of gpl20 in adult rats resulted in functional disruption of energy metabolism with global reductions in cerebral metabolic rate for glucose ( I 8), in animals killed 45 min postinjection. Because glucose-deprived cells are more susceptible to NMDA-induced injury (l9), gp120-induced disruption of neuronal glucose metabolism also suggests another pathophysiologic mechanism whereby an HIV protein could aggravate EAA-mediated neurotoxicity. More surprising were the findings in a recent study examining the bioactivity of a peptide derived from the regulatory HIV gene "tat": intraventricular injection of a tat fragment induced acute neurologic abnormalities and caused rapid death which was attributed to CNS dysfunction in mice, but no tat-related neuropathologic lesions were identified (20).
It is relevant to note that the best-defined bioactivity of envgag is immunoregulatory (9) . and it is conceivable that intracer- Fig. 5 . Photographs of hippocampus from the same brains as presented in Figures 2 and 3 , at higher magnification. to demonstrate the extent of cell loss in the pyramidal cell layer. In puncl.1. from an animal that received 5 nmol NMDA + 50 ng env-gag (see Fig. 2 ). the h1ui.k urron,llcud.s identify the two regions of cell loss. extending from the needle track. In panc.1 B, from an animal that received 5 nmol NMDA + 100 ng env-gag (see Fig. 3 ). the h l~~. l i urrotc.llr,ud.s identify the two regions of cell loss (in CAI and in CA4). extending from the needle track: open urrobc:c identify a region of prominent pyramidal cell loss in CA3. remote from the injection track (.scale bur = 200 pm). ebral injection of the HIV peptide stimulated induction of immune mediators that, in turn, elicited the observed neurotoxic effects. Intracerebral injection of gp120 in adult rats stimulated IL-l bioactivity (2 1): however. because NMDA itself may induce cytokine production in brain (Silverstein F. unpublished observation), it will be difficult to address this question experimentally.
Whether HIV directly infects neurons has been a subject of controversy: HIV epitopes have now been identified in brains of patients with AIDS (22) . and evidence from fetal tissue indicates that HIV crosses the placenta and directly invades the CNS (23) . In patients with AIDS, potential mechanisms of HIV-induced neurologic dysfunction include direct infection of glia and neurons, release of soluble factors from HIV-infected macrophages, stimulation of cytokine production, or induction of autoimmunity. Typical neuropathologic features of CNS AIDS include predominant subcortical damage, with macrophage infiltration, reactive gliosis, white matter pallor, and characteristic microglial nodules with multinucleated giant cells (24) . Cortical thinning. with loss of neurons and synaptic markers, were recently demonstrated (24) , and HIV-EAA interactions may be most relevant to the pathogenesis of this type of injury (25) .
Several clinical observations may also be important for understanding the complex mechanisms of HIV neurotoxicity. In children with CNS AIDS, cognitive functioning may improve Fig. 6 . Comparison of distributions of histopathology scores in 67 animals from three treatment groups. On PND-7. animals received right intracerebral injections of 5 nmol of NMDA alone or were given coinjections of 1. 50. or 100 ng env-gag. Histopathology was assessed. using an arbitrary four-point (0-3) scale on PND I2 (see Materials and Methods). After preliminary analysis revealed that scores for animals given coinjections of I or 50 ng env-gag did not differ. the results in the two groups were combined for further analysis. The frequency of the most severe lesions was highest in animals that had received NMDA + 100 ng env-gag ( p < 0.007. comparing scores in the three groups with the Kruskal-Wallis ranking test). If animals that died postoperatively were included in the analysis, and scored as most severely lesioned. results demonstrated the same trends in outcome differences among the three groups. There were no significant differences between the scores of animals that received NMDA alone or NMDA + I or 50 ng env-gag. 
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- $11 < 0.04, comparing right hippocampal areas by analysis of variance. Interhemispheric differences were calculated as the means of differences in bilateral hippocampal areas in each animal of each group. p < 0.003. comparing interhemispheric differences by analysis of variance.
after treatment with azidodeoxythymidine (26) . this suggests that neurologic symptoms may, in part, reflect functional disruption. e.g. by toxic/metabolic factors, rather than irreversible neuronal damage. HIV-derived peptides. with specific modulatory actions at EAA synapses, could represent such toxic factors. Clinical data suggest an additional mechanism whereby EAA receptor activation could contribute to HIV neurotoxicity; elevated concentrations of quinolinate, a tryptophan metabolite with NMDA agonist properties, have been detected in CSF of patients with CNS AIDS (27) . If quinolinate concentrations were chronically elevated in HIV-infected brains, this could contribute to sustained overactivation of NMDA receptors. and result in functional and/or structural disruption of susceptible neurons.
Several important limitations in assessing the relevance of our findings to HIV infection in humans must be considered. It is difficult to estimate the concentrations of the peptide attained in brain and the duration of exposure. The experimental paradigm of concurrent exposure to the HIV peptide and the NMDA agonist clearly does not replicate the temporal sequence likely to be encountered in HIV-infected patients: yet the data suggest BARKS that this approach yields pathophysiologically relevant results. Also, it is quite likely that maturational stage will influence susceptibility to HIV-mediated neurotoxicity. These experiments were restricted to PND-7 rats, based on the detailed characterization of the histopathology of excitotoxic injury at this age. coupled with the coincidence of the ontogenetic peak of susceptibility to NMDA-induced injury and ease of rapid quantitative analysis of injury during this phase of rapid brain growth. Estimates, based on brain growth rates, suggest that the PND-7 rat brain is comparable to the term human infant brain (28) . The issue of species specificity must also be acknowledged, and the extent to which results of experiments performed in perinatal rodent brain are applicable to the human infant is uncertain. Although HIV encephalopathy does not occur in rodents, rodent models of excitotoxic iniury may well be relevant to understanding human ne~ropathoio~; (29j. It must also be acknowledged that it is conceivable that the recombinant fusion ~e~t i d e DOS- sesses intrinsic neurotoxic properties that neither df ihe peptides possesses, and additional studies will be essential to identify the neurotoxic moiety of env-gag.
A large body of experimental data indicates that a variety of pathophysiologic insults, e.g. cerebral ischemia and hypoglycemia, increase synaptic accumulation of EAA (because of greater release and/or suppression of reuptake) during the evolution of injury (14, 30) . Thus, if HIV peptides potentiate EAA-mediated neuronal injury in vivo in the human brain. HIV-infected infants may be more susceptible to neuronal damage from cerebral ischemia, hypoglycemia, and related metabolic disorders. The severity and rate of progression of CNS disease vary widely in HIV-infected infants. Many HIV-infected neonates also incur asphyxia1 insults, hypoglycemia, and exposure to potentially neurotoxic druas: the extent and mechanism(s) bv which such . . . adverse events:nfluence ~roeression of HIV infection are unknown. Nor is it known if su~ceptibility to HIV neurotoxicity is influenced by specific developmental features, expressed in the fetus and infant brain. It is interesting to consider that lesions of the basal ganglia, a major target region for ischemic injury in the developing brain, are often noted in infants with congenital HIV infection; whether perinatal ischemia enhances susceptibility to HIV-induced basal ganglia degeneration in HIV-infect:d infants is unknown. Understanding mechanisms of HIV ne~rotoxicity in the perinatal brain will hopefully provide the scientific foundation for development of more effective therapeutic interventions for HIV-infected infants.
